Abstract Myosin in muscle transduces ATP free energy into the mechanical work of moving actin. It has a motor domain transducer containing ATP and actin binding sites, and, mechanical elements coupling motor impulse to the myosin filament backbone providing transduction/mechanical-coupling. The mechanical coupler is a lever-arm stabilized by bound essential and regulatory light chains. The lever-arm rotates cyclically to impel bound filamentous actin. Linear actin displacement due to lever-arm rotation is the myosin step-size. A high-throughput quantum dot labeled actin in vitro motility assay (Qdot assay) measures motor step-size in the context of an ensemble of actomyosin interactions. The ensemble context imposes a constant velocity constraint for myosins interacting with one actin filament. In a cardiac myosin producing multiple step-sizes, a ''second characterization'' is step-frequency that adjusts longer step-size to lower frequency maintaining a linear actin velocity identical to that from a shorter step-size and higher frequency actomyosin cycle. The stepfrequency characteristic involves and integrates myosin enzyme kinetics, mechanical strain, and other ensemble affected characteristics. The high-throughput Qdot assay suits a new paradigm calling for wide surveillance of the vast number of disease or aging relevant myosin isoforms that contrasts with the alternative model calling for exhaustive research on a tiny subset myosin forms. The zebrafish embryo assay (Z assay) performs single myosin step-size and step-frequency assaying in vivo combining single myosin mechanical and whole muscle physiological characterizations in one model organism. The Qdot and Z assays cover ''bottom-up'' and ''top-down'' assaying of myosin characteristics.
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Background
Myosin is the muscle energy transducer with an ATPase in a globular head domain called subfragment 1 (S1) and tail domain that forms myosin dimers and multimeric thick filaments (Fig. 1) . Thick filaments interdigitate with actin thin filaments in striated muscle and slide relatively during contraction (Huxley 1969) . S1 contains ATP and actin binding sites and a lever-arm whose rotary movement cyclically applies tension to move the load while myosin is strongly actin bound. The lever-arm converts torque generated in the motor into linear displacement (step-size) and undergoes shear strain that affects the lever-arm ( Fig. 1 blue & black a-helix), the bound ELC (silver), and RLC (red). RLC stabilizes the lever-arm (Lowey et al. 1993; Pant et al. 2009; Sherwood et al. 2004 ) and RLC mutants implicated in disease lower velocity, force, and strain sensitivity (Greenberg et al. 2010 ) suggesting they alter lever-arm processing of shear stress. Similar significance is attributed to ELC (Wang et al. 2013a) .
The standard in vitro motility assay measures actin gliding velocity over myosin immobilized on a surface. Myosin translates actin only while the two molecules are & Thomas P. Burghardt burghardt@mayo.edu strongly bound. The myosin duty-ratio is the time spent strongly actin bound divided by the ATPase cycle time.
Muscle myosin has low duty-ratio to enable rapid actin translation in a muscle fiber containing densely packed arrays of myosin motors (O'Connell et al. 2007 ). Low duty-ratio cardiac myosins elude conventional single molecule assays because actomyosin dissociates quickly and the freely moving element diffuses away prohibiting further interaction. Laser trapping solved the problem by confining the relevant molecules to a region small enough to ensure their repetitive interaction with high probability (Finer et al. 1994) . We introduced super-resolution particle tracking of Qdot labeled actin to the standard in vitro motility assay (Qdot assay) (Wang et al. 2013b ). The in vitro motility assay varies probability for actomyosin interaction with myosin surface density and actin filament length while actin diffusion is inhibited by methylcellulose in the motility buffer. The net effect sustains the actomyosin complex while preserving a subset of encounters that do not overlap in time on a single actin filament. The unitary myosin step is isolated in time and space then characterized using spatial super-resolution. Mutations accompanying inheritable myopathies (IM's) frequently implicate S1. The large cost required to perform the single myosin mechanical characterization using a laser trap has limited attempts to a dozen or so IM heart disease linked mutants in S1 despite an inventory numbering in the several hundred (Moore et al. 2012) . The latter has led to a persistent ambiguity between single myosin characteristics and IM phenotype. The Qdot assay records hundreds of single myosin unitary steps simultaneously in a single image using a standard research microscope setup vastly expanding assay capacity and availability (Wang et al. 2013b) . The Qdot labeled single actin filaments translate in steps ranging from 3 to *250 nm in the order caused by the actin filament microenvironment providing multiplexed time-distance data. The data is decoded in the event-velocity histogram with the low velocity end readily interpretable as single molecule step-sizes and step-frequencies.
Experimental preparations are identical to those for the ubiquitous in vitro motility assay except for the Qdot labeling of actin. The latter is one additional incubation step following preparation of the in vitro motility slide. Optimizing conditions for estimating step-size follows guidelines we developed usually requiring 2 or 3 measurement/analysis cycles to select parameters for exciting light intensity, time-resolution, and bulk concentration of motor protein (Wang et al. 2013b) . Once optimized, measurement consists of imaging the movement of 40-80 Qdot labeled filaments in each of 2-3 slides for each condition or motor protein investigated. We typically do this measurement on three independent myosin preparations. The modern Qdot assay is massively-parallelized, highthroughput, and automated consistently achieving a stepassaying speed-up of *1000 fold (to hours from months) compared to the standard approach. Statistical analysis of single myosin mechanical characterization is now meticulously managed by a vast data set consisting of thousands of single myosin mechanical events. The speed and accuracy of the method provides new opportunities to characterize related myosin isoforms in a heterogeneous mixture.
In complementary work, we use single myosin approaches to measure dynamics in situ and in vivo. C-terminus tagged human ventricular RLC (MYL2) with green fluorescent protein (RLC-GFP) was exchanged into permeabilized skeletal (Burghardt et al. 2007) or cardiac papillary muscle fibers . In both cases, recovery of isometric contraction from extensively and specifically exchanged myosin cross-bridges in the fibers implied the GFP did not deter muscle contraction. The photoactivatable GFP variant (PAGFP) C-terminus tagged RLC, RLC-PAGFP, was individually activated in the exchanged papillary muscle fibers isolating single myosin cross-bridges in situ. Single crossbridge lever-arm orientation was measured at super-resolution from fibers in rigor, relaxation, and active isometric conditions. Single molecule orientation was also measured for the exchanged RLC-PAGFP modified by disease linked mutations to RLC (Burghardt and Sikkink 2013) . The exchanged mutant RLC lowered lever-arm stiffness and impaired leverarm transduction/mechanical-coupling. These disease linked mutants spanned the RLC structure and indicated position dependent change to lever-arm functionality. We adapted this single molecule technology to in vivo experimentation in zebrafish embryos (Sun et al. 2014) . The zebrafish embryo is transparent to visible and infrared light allowing unprecedented access for 3-dimensional imaging using wide field fluorescence microscopy with sheet (Huisken et al. 2004) or highly inclined thin (HILO) illumination (Tokunaga et al. 2008) . The zebrafish sequenced genome indicates homologs for most protein coding human genes (Howe et al. 2013) . Forward genetic screening identified fish mutants causing cardiac defects that provided insight into causes of inheritable human cardiac disease including dilated cardiomyopathy (DCM) (Xu et al. 2002) and cardiac valve defects (Hurlstone et al. 2003) . The zebrafish has been increasingly used to model human cardiac disease in reverse genetic approaches due to zebrafish/human cardiac myosin structural (González-Solá et al. 2014 ) and disease phenotypes similarities (Bakkers 2011) , and their applicability to high throughput screening methods (Burns et al. 2005) . Zebrafish embryos are suited to muscle research because they develop externally, skeletal muscle comprises a large fraction of their body volume, and they begin to move very soon after gastrulation (Bassett and Currie 2003) . The unc45b and cmlc2 promoters drive robust gene expression throughout zebrafish striated musculature (Berger and Currie 2013) and specifically in cardiac muscle (Huang et al. 2003) , respectively. The zebrafish embryo model organism places the myosin transducer in its native context for experimentation. We explore active myosin dynamics using this new system for in vivo, single myosin, super-resolution imaging.
In vitro step-size and step-frequency of single myosins in an ensemble
Protein preparations
Porcine cardiac myosin (bmys) was prepared from porcine heart ventriculum as described (Ajtai et al. 2001; Wang et al. 2013b ). Phosphorylated cardiac myosin was prepared using recombinant smooth muscle myosin light chain kinase (smMLCK) as described previously . bmys with cleaved ventricular ELC (vELC, D17) was prepared using papain digestion as described previously but with modifications (Moczarska and Kakol 1995) . Activated papain was added to 4 lM bmys solution in a mass ratio of myosin to papain of 90:1 or 180:1 in a buffer containing 100 mM NaCl, 10 mM imidazole pH 7.0, 4 mM MgCl 2 , 1 mM DTT, 0.5 mM EGTA and 3 mM ATP. After 40 (90:1 myosin:papain ratio) or 16 (180:1) sec at 23°C, the reaction was stopped with 200 lg/ml leupeptin. ATP, papain, and most of the leupeptin were removed from the cleaved myosin by two myosin precipitations at low ionic strength as described (Wang et al. 2013b ). Control bmys used in the assays was treated identically except for the treatment with papain.
All research conducted on mouse cardiac myosin was done in collaboration with Danuta Szczesna-Cordary (University of Miami, Miami, FL). Mouse cardiac myosin (amys) was isolated from groups of mouse hearts including non-transgenic (NTg), transgenic mice expressing human vELC (WT), and transgenic mice expressing a 43 residue N-terminal truncated human vELC (D43) according to Kazmierczak et al. (2009) .
In vitro motility and Qdot assay
In all assays myosin is adsorbed to a nitrocellulose-coatedglass substrate exactly as described (Kron et al. 1991) . We assume potential differences in nitrocellulose-coated-substrate/myosin interactions among the various isoforms tested had negligible implications for motility or Qdot assay results. Rhodamine labeling of actin filaments for the standard in vitro motility assay was performed with rhodamine-phalloidin and actin in a 1.2:1 molar ratio as described (Kron et al. 1991) . Qdot assay uses Quantum dot 565 streptavidin conjugate (Qdot) binding biotin on biotin-XX-phalloidin (Life Technologies, Grand Island, NY) labeled actin filaments. Conditions favor an average of one Qdot per 1-2 lm long actin filament. Qdot streptavidin conjugation to the biotin-XX-phalloidin labeled actin was done in the motility flow cell all as described (Wang et al. 2013b ). All in vitro assay experiments discussed have [90 % of the actin filaments moving.
Qdot fluorescence from translating actin is imaged with through-the-objective total internal reflection fluorescence (TIRF) (Stout and Axelrod 1989) on an inverted microscope using a 150X, 1.45 NA objective (Qlympus, Center Valley, PA). TIRF illumination is evanescent and confined to within *100 nm of the flow cell surface containing the immobilized myosin. Images were acquired with an EMCCD camera (Andor, Belfast, UK) at 60, 200, or 500 ms intervals indicated by Dt (depending on the actin sliding velocity), with exposure times of 12, 30, and 50 ms, and using Andor's SOLIS software. Intensity values were converted to photons using the conversion formula in SOLIS and the images output in TIFF format for reading into ImageJ. Argon ion laser (Coherent, Santa Clara, CA) intensity was *30 mW at 488 nm.
We investigated in vitro actin velocities for rhodaminephalloidin-labeled actin versus Qdot-labeled ? rhodaminephalloidin-labeled actin filaments. We found no significant motility velocity difference for the two labeled actin species when skeletal muscle heavy meromyosin (HMM) bulk concentration is C0.114 lM. Results are similar for bmys (Wang et al. 2013b) .
In each assay a few Qdots do not move due to their immobilization on the flow cell surface. These particles are tracked at super-resolution to quantitate thermal/mechanical fluctuations.
High-throughput super-resolution measurements
We processed photon converted images for super-resolution using QuickPALM (Henriques et al. 2010) . The software identifies and localizes point objects qualified for super-resolution fitting according to user specifications including minimum SNR ([25 selects only Qdots) and maximum full width at half maximum (FWHM) of 5 pixels (107 nm/pixel in object space for the 1509 objective). QuickPALM analysis produces a table (SRTable) listing each qualifying particle, particle position in pixels, position standard deviation, and frame identifier. Using the SRTable, QuickPALM renders the super-resolved particle data as single pixels per particle in the frame sequence of the original data. Super-resolved Qdot positions from each track in the rendered frames are linked in a time ordered sequence using our machine vision software QPTracklinker (Matlab) producing a list read by SRTrack (Mathematica). SRTrack updates the SRTable with the frame-to-frame tracking linked list eliminating any incorrectly identified particles that did not have a super-resolved equivalent. The latter removed the effect of Qdot blinking. Matlab and Mathematica programs are available from the authors.
Simulation
In vitro motility has myosin moving actin under unloaded conditions with a motility velocity s m such that,
for the simplest case of myosin with one step-size d and duty-ratio f (O'Connell et al. 2007) . Duty-ratio is the time actomyosin is strongly bound during an ATPase cycle, t on , divided by the cycle time, 1/V max , hence,
The t on is distributed exponentially as observed for the actin detachment rate in the in vitro motility assay (Palmiter et al. 1999) . Muscle myosins produce multiple unitary steps with differing step-sizes necessitating introduction of the relative step-frequency, x j , for unitary step j (Wang et al. 2013b (Wang et al. , 2014b . It is proportional to the rate of cross-bridge cycling with the higher rate producing a more frequent jth step. The dimensionless relative step-frequency is normalized such that R j x j = 1. The absolute cycling rate for step j, V j , has V j = V max x j and with V max = R j V j .
In an ensemble of cross-bridges interacting with one actin filament, like the conditions in every muscle or motility assay, only one actin velocity is possible hence motility velocity s m is the same for each unitary step-size implying each step-size has unique duty-ratio and time strongly actin bound. From Eq. 1, step j duty-ratio,
and from Eq. 2, the time myosin spends strongly bound to actin,
Qdot velocities are plotted in velocity-event histograms covering the low velocity domain of 0-4 natural velocity units (vu) where (d I /Dt) = 1 for d I a suitable and dominant intermediate step-size and frame capture interval Dt. Equation 4 affects how we simulate the velocity-event histogram since each unitary step has a unique t on that varies with step-size and relative step-frequency. Figure 2 shows a time course for an actin filament over a time interval of 3Dt's (from t = 0 to 3Dt) containing 4 hypothetical actomyosin interactions. The motor performs 3, 5, or 8 nm unitary steps using different lever-arm movements. Column vectors explicitly indicate the time course with t on the time strongly actin bound. Two myosins simultaneously strongly bind actin in the second Dt where displacement is unlike the canonical 3, 5, or 8 nm steps due to overlap of strong actin binding states. The latter causes the rising baseline in the event-velocity histogram because some actin filaments move at velocities that are not quantized but rather forming a continuum of values.
V max and average motility velocity, s m , are measured under saturating actin and myosin conditions, respectively. They are constant parameter inputs to the simulation that are characteristic to each myosin tested. The unknown parameter set actively searched in the simulation consists of the actin binding probability for myosin (1 free parameter), step-size (n free parameters for n unitary step-sizes), and relative step-frequency (n-1 free parameters due to normalization). Trial parameter values are generated in the simulation by random choice from a range of values set at the start of the simulation. Peak position and area, usually from the first n peaks in the velocity-event histogram, are the unitary step-size and relative step-frequency estimates obtained directly by inspection. Estimates for step-size and step-frequency from simulation rigorously account for step overlap when two or more myosins impinge on one actin filament during some of the time they are strongly actin bound.
A typical high-throughput Qdot assay data set consists of 10-12 acquisitions (one acquisition is one in vitro motility movie) from a preparation of one unknown and one control protein. Three separate protein preparations give a total of 30-36 acquisitions for each protein isoform. Total events acquired in the velocity unit range typically sampled have increased by an order of magnitude over previous applications by using the high-throughput methods. Simulation of the pooled data set requires a similar increase in computing cost. We have changed to a fixed computing cost basis by simulating a standard event total for the event-velocity histogram that is renormalize to match event total in each acquisition. Comparison to data minimizes the v 2 goodness-of-fit test that is weighted by event total then summed over all the acquisitions for evaluating global goodness-of-fit.
Simulated data ensembles are created by using the 30-36 best fitting event-velocity histogram simulations generated. These event-velocity simulations are combined linearly to approximate the measured event-velocity histogram with coefficients C0 and summing to 1 (ensuring event count is conserved) while minimizing the v 2 goodness-of-fit test with all points equally weighted. Simulation results are reported in the fitted event-velocity histogram and the simulation count/step-frequency histogram indicating the normalized distribution of step-frequency for each step with red indicating short, green for intermediate, and blue for long steps.
Systemic (ensemble) analytics
System analytics for the multi-step motor and step-frequency weighted averaged quantities indicated with \[ were derived previously (Wang et al. 2014a) . They define the average step-size \d[, average force \F [ proportional to the duty-ratio or fraction of strongly actin bound Fig. 2 The time course for actin filament displacement during 4 hypothetical actomyosin interactions. The motor performs 3, 5, or 8 nm unitary steps using different lever-arm movements. Column vectors explicitly indicate the time course with t on the time strongly actin bound. Dx is actin filament displacement in nm. (Color figure online) cross-bridges (Eq. 3) (Gordon et al. 1966) , and average
for a the proportionality constant expressed in units of force (uf) where a = 1.
Statistics
Three or more different myosin preparations generate independent data sets for the step-size/step-frequency experiments.
Step-size and step-frequency findings from simulation are compared using one-way ANOVA with Bonferroni or Tukey post-tests for significance at the 0.05 level.
Natural myosin activation
The Qdot assay performed on rabbit skeletal HMM (sHMM) indicated a dominant *5 nm step-size as expected for this isoform (Steffen et al. 2001) . bmys indicated three unitary steps-sizes of *3, *5, and *8 nm with 5 nm the major contributor, 8 nm slightly less likely, and 3 nm a low probability step (Wang et al. 2013b) . We proposed the model in Fig. 3 where the major 5 nm step is the default step identical to the unitary step in sHMM. The 8 nm step is different from the 5 nm step by involving an extra interaction with actin via the unique N-terminus of the cardiac ELC (cELC) (Lossie et al. 2014; Miller et al. 2005; Miyanishi et al. 2002; Muthu et al. 2011; Petzhold et al. 2014; Schaub et al. 1998; Timson 2003) . The minor 3 nm step is the unlikely conversion of the 5 nm step to the full cELC bound 8 nm step. It occurs in just 1 of 8 cycles and is isolated in time from the 5 nm step by slow ADP dissociation hence we sometimes observe it as a separate step (Siemankowski and White 1984 ).
Changes to the phosphorylation level of Ser15 in ventricular RLC in the cardiac muscle affect power output in model organisms (Miller et al. 2011; Scruggs and Solaro 2011) . We investigated if RLC phosphorylation affects the unitary step-size/step-frequency using the Qdot assay. RLC in bmys was specifically phosphorylated at S15 (pRLC) using a smooth muscle myosin light chain kinase (smMLCK) . Fractional phosphorylation levels of 0, 40, and 85 % (maximally phosphorylated) were investigated. We found that phosphorylation causes a dramatic re-distribution of step-frequencies (Wang et al. 2014b) . These data are summarized in Table 1 for the 0 (native) and 85 % phosphorylated bmys (pbmys). Table 1 indicates the actin-activated ATPase V max , motility velocity, numerical values for the step-sizes and step-frequencies, and the ensemble averaged step-size, force and power of control (bmys) and 85 % phosphorylated bmys (pbmys). The long step-frequency increases [2 fold, the intermediate step-frequency decreases 4 fold, and the short step-frequency is unchanged due to phosphorylation. The long and intermediate step-frequency changes due to phosphorylation are significant.
Step-frequency redistribution affects the mean step-size (Eq. 5) causing an increase from *5.3 to 6.2 nm with the RLC phosphorylation.
Modest changes to V max and step-sizes coupled to the dramatic re-distribution of step-frequencies drives the higher force and power in the pbmys implying that S15 phosphorylation is the natural myosin activator. Higher RLC phosphorylation levels correlate with higher isometric force and power output in permeabilized rat cardiac trabeculae and with heart failure in human tissue (Toepfer et al. 2013) implying it is a compensation mechanism for power shortage in failing heart.
Pharmaceutical myosin activation
A selective pharmaceutical bmys activator, omecamtive mecarbil (OM), up-regulates cardiac contractility in vivo and is undergoing testing for heart failure therapy (Bakkehaug et al. 2015) . In vitro bmys actin-activated ATPase, motility velocity, step-size, and step-frequency were measured to explore OM's effect on the single myosin characteristics of the motor operating in an ensemble. OM decreases motility velocity nearly 10 fold indicating a large increase in duty-ratio converting bmys to a near processive myosin. The Qdot assay in this application has labeled actin translating over surface bound porcine bmys at 0.16 lM bulk protein concentration in the absence and presence of 1.5 lM OM with 1 % DMSO. DMSO is needed to increase the solubility of the OM in aqueous buffer but does not significantly impact bmys characteristics in motility and actin-activated myosin ATPase assays (Wang et al. 2014a) . Figure 4a and c show actin sliding event-velocity histograms in the low velocity domain 0-15 nm per unit time for Dt the 200 or 500 ms frame capture interval in the absence or presence of OM, respectively (Wang et al. 2014a) . Baselines due to thermal/mechanical fluctuations were subtracted as described (Wang et al. 2013b ). Measured (filled squares and dashed line) and simulated (red line) data are shown for the velocity curve. Peaks at the lowest velocity range in Fig. 4 correspond to short (red), intermediate (green), and long (blue) step-sizes. Figure 4b and d show the count/step-frequency histograms indicating step-frequency distributions and numerical averages ± standard deviation (SD) for the *3, *5, and *8 nm unitary steps. Numerical average relative step-frequencies for control bmys are identical to within error to previously reported values where the 5 nm stepsize is predominant (Wang et al. 2013b ). In the presence of 1.5 lM OM, the 5 and 8 nm steps are equally frequent and the short step frequency is nearly unchanged.
Step-size and step-frequency estimates and their standard error are summarized in Table 1 . OM causes a large increase in ensemble force (\F[ in Eq. 5).
We explore implications of the dramatic rise in \F[ for the OM treated bmys in the context of its three unitary step-sizes with comparison of native (bmys), pbmys, and OM ? bmys movers in Table 1 . The relative step-frequencies shift away from the intermediate step-size dominant in native bmys to the long step in phosphorylated and OM treated bmys. The shift is accompanied by rising \F[ that is incremental or dramatic for pbmys or OM ? bmys, respectively. \P[ follows a different trend. Average power doubles for pbmys while slightly increasing for OM ? bmys relative to native bmys. Both activators cause native cross-bridges to develop more force and power. System analytics indicate in Table 1 that native bmys is optimized for peak speed and that the natural activator holds speed nearly constant while increasing \F[ and \P[ by increasing x L , the step-frequency for the long step. In contrast, OM treatment sacrifices speed for \F[ by increasing the duty-ratio however this places an upper limit on relative frequencies because strong binding stabilization inhibits faster cycling. bmys phosphorylation is a natural nonlinear mechanism to adjust force-velocity in the cardiac muscle. bmys phosphorylation at RLC is a heart failure therapy target that has already been recognized (Mendes-Ferreira et al. 2013) .
A model for in vitro step-size adaptation
We proposed the model in Fig. 3 as the basis for the three unitary steps in bmys. We tested the model using several constructs: a 17 residue N-terminal truncated cELC in porcine bmys (D17) made by papain digestion (Moczarska and Kakol 1995) , and, a 43 residue N-terminal truncated human vELC expressed in a transgenic mouse heart (D43) (Kazmierczak et al. 2009 ). Control porcine and mouse cardiac myosin constructs have wild type porcine cELC on porcine myosin (D0), expressed native human cELC on mouse cardiac myosin (WT), and the nontransgenic mouse cardiac myosin (NTg). Mouse cardiac myosin has the a heavy chain (amys). We measured myosin actin-activated ATPase, motility velocity, step-size, and step-frequency for all the isoforms (Wang et al. 2015) . Figure 5a and c show the Qdot assay velocity-event histogram for two bmys constructs in the low velocity domain of 0-3 velocity units and with frame capture interval Dt = 0.2 s. Baselines due to thermal/mechanical Step-size values for D0 bmys are equivalent to previous results (Wang et al. 2013b, b) and statistically identical to D17 bmys. Panels b and d show the step-frequency simulation-count histograms. Numerical average step-frequencies (x S ,x I ,x L ) for control D0 bmys are identical to those reported previously (Wang et al. 2013b ). Probability for the 5 nm step, x I , significantly increased while probability for the 8 nm step, x L , significantly decreased in D17 compared to control (one-way ANOVA). Probability for the 3 nm step, x S , is not detectably changed. We find that truncation of the cELC N-terminus in bmys down regulates cELC/actin binding resulting in these changes in step-frequency. Results for the mouse myosin constructs closely follow those for the bmys.
The truncation of the cELC N-terminus in b-and amys down regulates cELC/actin binding supporting the Fig. 3 model. Our findings provide the structural mechanism for cELC regulation of transduction-mechanical coupling in muscle. It is a new and unexplored basis for modulating power generation by step-size adaptation.
Results obtained with the Qdot assay indicate how RLC phosphorylation and cELC N-terminus actin binding adapt the cardiac myosin unitary step-size. They identify and clarify two new and specific mechanisms for modulating power generation in cardiac muscle. Power generation with wide dynamic range is a key characteristic of a healthy heart that is constrained by heart failure disease. We can now shape our efforts in protein engineering, drug development, and other therapies towards intervention using these promising new mechanisms. Our investigations were made feasible mainly due to the speed and accuracy of the automated Qdot assay that lowers myosin unitary step assaying cost 1000 fold by thoughtful application of superresolution microscopy, machine vision, and graphical processing unit (GPU) computing in simulation.
We detected 3 near-constant myosin step-sizes corresponding nominally to 3, 5, and 8 nm while distinguishing several myosin isoforms by their characteristic step- frequencies. An alternative model has 3 microdomains on the surface that adsorb myosin and impose these 3, 5, and 8 nm step-sizes (the 3 step-size microdomain model) that is based on evidence suggesting that a functionalized (but not nitrocellulose coated) surface adsorbed myosin skeletal HMM has heterogeneous (modeled as 3 but probably more) rates of a myosin ATPase (step-size was not measured) (Balaz et al. 2007) . In this alternative model, changing step-frequencies observed with phosphorylation, OM binding, or the truncated version of the vELC are due to the different affinities these isoforms have for the 3 step-size microdomains.
Contradicting the 3 step-size microdomain model, preliminary in vitro force measurements using bmys and an aactinin coated nitrocellulose surface have statistically identical myosin dimer step-sizes and step-frequencies as the plain nitrocellulose only surface. Experiments in the presence of OM (discussed here) receive the drug after myosin is surface adsorbed (presumably precluding adsorbed myosin from changing from one microdomain to another) yet step-frequency is altered (Fig. 4) . A laser trapping experiment reported 2 myosin step-sizes of 5 and 9 nm from native mouse cardiac ventricular myosin with step-frequency in approximate agreement with our values independently implying step-sizes and step-frequencies are an intrinsic myosin property (Tyska et al. 2000) . Tyska et al. propose that the two step-sizes are due to the two heads in a myosin dimer. We propose that the low-frequency 3 nm step was unnoticed and the presence of the steps at 5 and 9 nm is the effect of the cardiac ELC N-terminus binding to actin from our model in Fig. 3 .
Single myosins in vivo Sample preparation
We co-injected transposase mRNA and plasmid containing a Tol2 construct with the zebrafish unc45b enhancer (Berger and Currie 2013) and the gene for RLC-GFP or RLC-PAGFP into the cytoplasm of one-cell-stage embryos (Higashijima et al. 1997; Kwan et al. 2007 ). unc45b enhancer drives RLC-GFP or RLC-PAGFP expression in zebrafish musculature including skeletal muscle (Berger and Currie 2013) . Usually *300-500 embryos were injected. Embryos were maintained in petri dishes in Fig. 5 The Qdot assay velocity-event histogram (left) and step-frequency simulation count histogram (right) for D0 (native) and D17 bmys constructs. Note the increased single molecule events tabulated in c compared to the same panel in Fig. 4 and indicating zebrafish water (stock solution of 300 mM NaCl, 10 mM KCl, 20 mM CaCl 2 and 20 mM MgSO 4 diluted 1:60 stock:H 2 0) at 28°C. At 21-25 somites stage, the embryos were treated with 0.5 mM 1-phenyl 2-thiourea (PTU) to inhibit melanogenesis. At 2-3 days post-fertilization (2-3 dpf), we screened embryos for green fluorescence excited by 488 or 405 nm (GFP or PAGFP) transmitted light using a 109 objective. The selected embryos had their chorion removed. At 3-4 dpf the embryos were anesthetized in 0.16 mg/ml tricaine for experimentation. Zebrafish were handled in accordance with IACUC guidelines in an approved protocol (A47113).
Microscopy
Individual zebrafish embryos were confined in an aqueous buffer droplet then placed into a 200 lm deep, 3 mm wide, and 10 mm long microfluidic channel with the channel side up. The device with embryo was inverted then placed on top of a #0 glass coverslip forming a water tight seal with the glass as shown in Fig. 6a and b. The view in panel b from the top is through the actual device. Inlet/outlet holes through the microfluidic substrate (polydimethylsiloxane or PDMS) allowed solution to be exchanged as needed using a 20 ll pipette. Channel size confined the embryo to lie flat although tail flipping movement was observed. Embryos lived for hours under continuous observation. Fluorescence or reflected second harmonic generation (SHG) was observed in an inverted wide field microscope under HILO illumination through the glass coverslip or in an upright scanning microscope through the PDMS, respectively. The HILO beam from an oil immersion, 1009, 1.3 NA objective is visualized in Fig. 6c . The PDMS cube doped with rhodamine B creates a cavity on top of the coverslip. The beam leaves the glass coverslip at the bottom and propagates through an aqueous solution containing fluorescein imitating the fish medium in a fish confinement microfluidic channel. Emergent beam angle of 74°results from an incident angle of *57.7°. Figure 7 overlays simultaneously collected 2-photon (2-P) images using 810 nm infrared light exciting fluorescence at *500 nm (green) and SHG at 405 nm (blue) in a RLC-GFP tagged embryo. A 209, 1.0 NA water immersion objective has a 2 mm working distance to image the embryo through the microfluidic. Shown are a wide view of the trunk skeletal muscles in the tail (left) and a close-up of two single fibers (right). SHG originates exclusively from the myosin in the A-band (Plotnikov et al. 2006) . The M-line separates the opposing myosin dimers in the thick filament. The I-band contains the actin thin filament. M-lines are separated by *2.1 lm. The single fiber image demonstrates that the fluorescence and SHG exactly colocalize indicating the tag labels the myosin lever-arm as demonstrated previously in rabbit skeletal and porcine cardiac permeabilized muscle fibers (Burghardt et al. 2007 . Figure 8 compares RLC-PAGFP (top) to RLC-GFP (bottom) tagged embryos under HILO illumination at 488 nm excitation. A 100X, 1.3 NA oil immersion objective has 200 lm working distance that can image the sample anywhere in the microfluidic chamber. The HILO beam propagating at 74 o to the microscope optical axis has *4 lm illumination depth. Narrower depths down to *1 lm are achievable by reducing beam diameter giving a smaller illuminated field. The RLC-PAGFP tagged sample shows several instances of photoactivated chromohores over a background of weakly fluorescing unphotoactivated RLC-PAGFP. Images were 1 s exposures recorded over 1 min (60 exposures in a record). We identified single molecule events with quantized activation over background intensity or quantized photobleaching back to background from the points of light appearing in the image over time (Sun et al. 2014) .
Single myosin analytics
Single molecule intensity patterns from zebrafish embryo skeletal muscle myosins in relaxation were fitted using the pattern recognition algorithm and subjected to orientation super-resolution analysis (Bobroff 1986; Burghardt 2011) . The intensity patterns determine the emission dipole moment coordinates (b 0 ,a 0 ) for b 0 the spherical polar angle and a 0 the azimuth in muscle fiber coordinates where the z-axis is parallel to the fiber symmetry axis, x-axis is in the plane of the coverslip, and y-axis is normal to the coverslip plane pointing into the aqueous medium [details in (Burghardt 2011; Burghardt et al. 2011; Burghardt and Sikkink 2013)] . 
S1/GFP coordination
We estimated (PA)GFP moiety coordination with the myosin lever-arm in RLC-(PA)GFP tagged myosin. The method chooses best agreement between simulated S1/GFP complexes generated using ZDOCK (Pierce et al. 2011) and experimental data measuring (b 0 ,a 0 ) in Fig. 9 converted to S1/GFP coordination trials using, crystal structures of S1 (Rayment et al. 1993 ) and GFP (Brejc et al. 1997) , chromophore dipole orientation in the GFP crystal structure (Rosell and Boxer 2003) , and the expected relationship between myosin in opposite half-sarcomeres in the muscle fibers. This process selected several S1/GFP coordinations simultaneously satisfying all constraints. Final refinement favored the S1/GFP docking indicated in Fig. 1 . The S1 structure in Fig. 1 is that of human b-cardiac myosin (bS1) from the homology modeling (Marti-Renom et al. 2000) of its sequence using the chicken skeletal myosin S1 crystal structure 2mys (Rayment et al. 1993 ). The myosin leverarm orientation is defined by the symmetry axis of its ahelix at the RLC binding site shown in black. The simulated (b 0 ,a 0 ) data are practically indistinguishable from the experimental data shown in Fig. 9 . The (b,a) data (open blue squares) refers to lever-arm orientation. The rigidity of the S1/GFP coordination for skeletal and cardiac isoforms was also demonstrated (Sun et al. 2014) .
Single relaxed skeletal myosin lever-arms in live zebrafish embryos were imaged and analyzed with orientation superresolution for the first time using a photoactivatable tag on a myosin light chain expressed in the embryo (Sun et al. 2014) . Tag specificity was demonstrated by the simultaneous observation of 2-P fluorescence and SHG signals from the muscle (Fig. 7) . Single molecule detection was achieved using wide field HILO illumination and verified by observing quantized photoactivation and photobleaching. Single molecule emission patterns were subjected to orientation superresolution analysis. They indicated a highly orientationally confined myosin lever-arm orientation distribution shown in Fig. 9 .
Single myosin lever-arm orientation in active zebrafish embryo muscle Active skeletal muscle An ''accordion'' phenotype in a zebrafish embryo is attributed to the simultaneous contraction of the bilateral tail muscles with treatment by strychnine (Hirata et al. 2005 ). The effect is attributed to strychnine blocking of the inhibitory glycine receptor (GlyR). In humans, strychnine also blocks GlyR and causes skeletal muscle stiffness because the muscle cannot relax for an extended period following spasm. We developed a protocol to induce isometric skeletal muscle contraction in embryos. A 10 mM stock strychnine solution was made fresh daily. Two 3 dpf embryos tagged with RLC-PAGFP were placed in separate 200 lm deep microfluidic channels (on one chip) in 20 ll of 30 % Danieau Buffer (D-buffer, 17.4 mM NaCl, 0.21 mM KCl, 0.12 mM MgSO 4 , 0.18 mM Ca(NO 3 ) 2 , 1.5 mM HEPES, pH 7.6). Embryos were stimulated by touching with forceps to elicit a robust escape reflex consisting of a short burst of tail strokes for swimming (touchtest). We introduced 10 or 70 lM strychnine to the buffer of one embryo and tested the escape reflex at short time intervals thereafter. In 15 or 5 min the strychnine treated embryo did not respond to the touch-test but displayed a ''shivering'' movement suggesting apparent extended bilateral contraction in the tail muscles. No effect was observed on heart rate or blood circulation. Both embryos (relaxed control and strychnine treated) were imaged at a 1 Hz frame rate for single myosin orientation super-resolution measurements using HILO with p-polarized photoactivation. Following the imaging session of *20 min, the embryos were rinsed three times in D-buffer and returned to separate 60 mm petri dishes containing 10 ml of D-buffer. The 10 or 70 lM strychnine treated embryos recovered normal touch-test response in 5-10 min or overnight, respectively.
Single myosin orientation super-resolution measurements from the photoactivated RLC-PAGFP tagged myosin lever-arms in active isometric muscle were made just as described for relaxed muscle (Sun et al. 2014) . Figure 9c shows dipole (open black triangles) and lever-arm orientation (open blue squares) in the active isometric muscle. They exhibit much wider dispersion in both b 0 and a 0 degrees of freedom than the relaxed muscle. The 10 lM strychnine treated embryos have lever-arm distribution intermediate between those shown in panels a & c indicating a dose response. Control relaxed embryos, and recovered embryos relaxed after the strychnine treatment, gave results identical to those in panel a. Super-resolved orientation of photoactivated RLC-PAGFP emission dipoles were computed from images continuously recorded for *2 min from zebrafish skeletal muscle in active isometric conditions. The time-resolved coordinates have probe dipole or lever-arm helix spherical polar angles (b 0 ,a 0 ) or (b,a) defined relative to a fiber fixed frame. They are the trajectories for a single dipole or leverarm. The arc subtended by a single lever-arm helix as it rotates in sequential images defines a sequence of chords on a circle of diameter ' equal to the lever-arm length. Chord length is a myosin unitary step-size when the frame sequence captures the power stroke. These experiments currently challenge us.
Conclusion
The massively-parallel and high-throughput automated Qdot assay is now in use. It speeds up myosin unitary stepassaying 10 3 fold compared to the standard method and represents a unique innovation and opportunity. It enables the dramatic expansion of unitary step-assaying coverage to interesting myosin variants. The unprecedented coverage will contribute substantively to the informatics for myosin structure/function in vitro.
Single myosin detection provides the ''bottom-up'' myosin characterization probing basic transduction/mechanical coupling mechanisms in myosin without ambiguities inherent to ensemble observation. Macroscopic muscle physiological experimentation provides the definitive ''top-down'' phenotype characterizations that are the concerns in translational medicine. In vivo single myosin detection in muscle from zebrafish embryo models for human muscle fulfill ambitions for both bottom-up and topdown experimentation in the native environment. It delineates in vitro and in vivo myosin complementarity that is critically important for exploring mechanisms for how drugs, mutations, or post translational modifications impact myosin in muscle contraction.
